Abstract. We present the results of a photometric multisite campaign on the δ Scuti Pre-Main-Sequence star IP Per. Nine telescopes have been involved in the observations, with a total of about 190 hours of observations over 38 nights. Present data confirms the multiperiodic nature of this star and leads to the identification of at least nine pulsational frequencies. Comparison with the predictions of linear non-adiabatic radial pulsation models allowed us to identify only five of the nine observed frequencies, and to constrain the position of IP Per in the HR diagram. The latter is in good agreement with the empirical determination of the stellar parameters obtained by Miroshnichenko et al. (2001) . An initial interpretation of the observed frequencies using the Aarhus non-radial pulsation code suggests that three frequencies could be associated with non-radial (l=2) modes. Finally, we present new evolutionary and pulsation models at lower metallicity (Z=0.008) to take into account the possibility that IP Per is metal deficient, as indicated by Miroshnichenko et al. (2001) .
Introduction
Intermediate mass (M ≥ 1.5 M ⊙ ) Pre-Main-Sequence (PMS) stars are known as Herbig Ae/Be stars (Herbig 1960) . This class of stars is characterized by spectral type A or B with emission lines, an infrared excess due to hot or cool circumstellar dust or both, and luminosity class III to V (Waters & Waelkens 1998) . Herbig Ae/Be are also well known for their photometric and spectroscopic variability on time scales of minutes to years mainly due to photospheric activity and interaction with the circumstellar environment (see e.g. Catala 2003 ). However, the fact that these young stars during their contraction towards the Main-Sequence (MS) move
Send offprint requests to: V. Ripepi across the pulsation instability region of more evolved stars has prompted the suggestion that at least part of the activity could be due to stellar pulsation (see Baade & Stahl 1989; Kurtz & Marang 1995) .
The possible presence of pulsators among Herbig Ae/Be stars is particularly attractive since the precise observables which can be measured, i.e. the pulsation frequencies can, in principle, allow us to test evolutionary models by constraining the internal structure using asteroseismological techniques.
The existence of pulsating Herbig stars was originally suggested by Breger (1972) who discovered two candidates in the young open cluster NGC 2264. This initial finding was confirmed by subsequent observations of δ Scuti-like pulsations (Kurtz & Marang 1995) and HD104237 (Donati et al. 1997 ). This empirical evidence stimulated the first theoretical investigation of the PMS instability strip based on non-linear convective hydrodynamical models (Marconi & Palla 1998) . As a result, the topology of the PMS instability strip for the first three radial modes was identified. Marconi & Palla (1998) also pointed out that the interior structure of PMS stars entering the instability strip differs significantly from that of more evolved Main Sequence stars (with the same mass and temperature), even though the envelopes structures are similar. This property was subsequently confirmed by Suran et al. (2001) who made a comparative study of the seismology of a 1.8 M ⊙ PMS and post-MS star. Suran et al. (2001) found that the unstable frequency range is roughly the same for PMS and post-MS stars, but that some non-radial modes are very sensitive to the deep internal structure of the star. In particular, it is possible to discriminate between the PMS and post-MS stage using differences in the oscillation frequency distribution in the low frequency range (g modes, see also Templeton & Basu 2003) .
Up to now new observational programs have been carried out by various groups. The current number of known or suspected candidates amounts to about 30 stars (see the updated list at http://ams.astro.univie.ac.at/pms corot.php, and the reviews by Zwintz et al. 2004 . However, only a few stars have been studied in detail, so that the overall properties of this class of variables are still poorly determined.
In this context, our group has started a systematic monitoring program (see Marconi et al. 2001 , Ripepi et al. 2002 , Pinheiro et al. 2003 , Ripepi et al. 2003 of Herbig Ae stars with spectral types from A to F2-3 with the following aims: 1) to identify the largest number of pulsating objects in order to observationally determine the boundaries of the instability strip for PMS δ Scuti pulsation; 2) to study in detail through multisite campaigns selected objects showing multiperiodicity (see Marconi et al. 2001 , Ripepi et al. 2002 ,Pinheiro et al. 2003 , Ripepi et al. 2003 . The multiperiodic pulsators are potential candidates for future asteroseismological analysis.
During this project our attention turned to the star IP Per, already listed as Herbig Ae star by Thé et al. (1994) with spectral type A3e, and studied in detail by Miroshnichenko et al. (2001) both photometrically and spectroscopically. The main properties of this interesting object are:
-IP Per is a typical UX Ori type star showing photometric variations with an amplitude of ∼0.3 mag and with duration of the minima of 10-50 days. -the fundamental stellar parameters are: spectral type A7, T eff ∼ 8000 ± 100 K, log g ∼ 4.4 ± 0.1, ξ t = 2.0 ± In the following, we present the results of a photometric multisite campaign to study in detail the pulsational properties of IP Per. In Section 2. we describe the observations and data reduction techniques; in Section 3. we discuss the frequency analysis; Section 4 presents a comparison with theoretical models. A brief discussion concludes the paper. Preliminary results of our observations have been presented in and .
Observations and data reduction
The campaign on IP Per was conducted in two parts: 1) single site observations during winter 2002/2003 (Loiano telescope); 2) multisite campaign during winter 2003/2004, involving 9 different telescopes/instruments, as described in Table 2 and more in detail in the next section. A total of about 190 hours of observations spanning 38 nights have been gathered. A detailed log of the observations is shown in 
Details on single site observations
The exploratory run on IP Per was carried out in 2002/2003 with the Loiano 1.5m telescope (Italy). The observations has been gathered in the B filter by using the BFOSC instrument (http://www.bo.astro.it/loiano/observe.htm#manuals) equipped with a CCD EEV 1300x1340 pixel (R.O.N.=1.73 e-/pixel; GAIN=2.13 e-/ADU). The pixel scale was 0.58 arcsec/pixel, for a total field of view of 12.6 × 13 acrmin 2 . Sky flats, dark and bias exposures were taken every night. All data were re- duced using standard IRAF routines. Aperture photometry was carried out by using the DAOPHOT II package (Stetson 1987) .
The multisite campaign in 2003 was carried out by using a variety of instruments, as described in some details in the Appendix.
Merging the data from different sites
In order to use simultaneously all the data gathered during the campaign we had to convert the data coming from Sierra Nevada and San Pedro Martir sites from Strömgren uvby filters to the Johnson B and V ones. This was straightforward for the V because δV ≈ δy (where δV means V variable − V comparison ), whereas to obtain δB we used the linear approximation by Warren & Hesser (1977) 
The different datasets from the various telescopes were inspected carefully, and scattered points due to bad weather (very frequent for data obtained with single channel photometers data) or other causes have been removed.
Due to the differences of the various instruments and filters used, and in order to prevent problems with zero point differences between different datasets, as well as to prepare the data for Fourier analysis, we decided to detrend the data to a common average zero value.
In total, during our study of IP Per we obtained three different time series: 
uvby H β measurements for IP Per
During our uvby measurements collected at Sierra Nevada Observatory, two brighter comparison stars C1=HD 22418 and C2=HD 21913 were used for purposes of calibration. In addition, a few H β observations were also obtained. Then, instrumental magnitude differences were obtained relative to C1. To transform these instrumental differences into the standard uvby β system, we have followed the procedure described in Rodríguez et al. (1997) . Thus, the transformation equations, obtained using a set of 19 standards stars selected from the list of Crawford & Mander (1966) and Crawford & Barnes (1970) , were used.
Next, the absolute standard uvby β indices of IP Per, C1 and C2 were obtained following the method described in Rodríguez et al. (2003) , using C1 and C2 as zero-points. The results are listed in Table 3 together with those listed in the bibliography for the comparison stars. The error bars in this table represent the standard deviations of magnitude differences relative to C1. As seen, our results are in very good agreement with the values found in the homogeneous catalogue of Olsen (1996, 
Frequency Analysis
The frequency analysis was performed using the period04 package (Lenz & Breger 2005) , based on the Fourier transform method. For a better interpretation of the results, we have first calculated the spectral window (SW) for each dataset. The result is shown in Fig. 4 where from top to bottom we report the SW for the three time series identified in the previous section (see labels in the figure) . The SW was used as a diagnostic to distinguish between real and spurious frequencies. The frequencies found for the three datasets are summarized in Table 4 . In order to discuss in detail the results of the frequency analysis, let us take as reference the frequencies obtained with the 2003 V dataset which is the best one. Then we find: In summary, the multisite campaign allowed us to identify up to 9 significant frequencies for IP Per. The fit to the observed data points obtained with period04 including the nine is shown in Fig.3 . Five of these are present in each dataset. In particular we confirm all the six frequencies (within the errors and taking into account the 1 c/d alias) found during the single site CCD study (i.e. the 2002 B dataset) of IP Per.
Comparison with theoretical models
The results presented in the previous Section can be used to constrain the intrinsic stellar properties of IP Per and in particular its mass and position in the HR diagram, through comparison with stellar pulsation models. Using a linear non-adiabatic pulsation code (see Marconi & Palla 1998 for details) we could not reproduce all the observed frequencies. In fact, we can recover at most 5 of the 9 observed frequencies for M = 1.77 ± 0.01M ⊙ , log L/L ⊙ = 0.992 ± 0.003, log T eff = 3.887 ± 0.002. This solution corresponds to a radial pulsation model which simultaneously oscillates in the first ( f 1 ), second ( f 5 ), third ( f 2 ), fifth ( f 4 ) and sixth ( f 9 ) overtones. Its position in the HR diagram is shown in Fig. 8 together with the predicted instability strip by Marconi & Palla (1998) and the PMS evolutionary tracks computed for the labelled stellar masses with the FRANEC stellar evolution code (Chieffi & Straniero 1989 , Castellani et al. 1999 ). The 1.77M ⊙ PMS track is represented by the dotted line. In order to reproduce the observed frequencies that were not found from the radial analysis and, at the same time to investigate the possibility, strongly supported by empirical evidence on other PMS δ Scuti stars (see e.g. Balona et al. 2002) , that non-radial modes are also present in IP Per, we have attempted an asteroseismological interpretation of the data using the Aarhus adiabatic non-radial pulsation code (http://astro.phys.au.dk/∼jcd/adipack.n/). A preliminary application of this code to the PMS evolutionary structure corresponding to the best-fit radial pulsating model seems to suggest that f 3 , f 6 and f 8 are associated to non-radial modes with l = 2. As for f 7 , neither the radial nor the non-radial analyses are able to match the observed value for the selected stellar parameters.
Comparison with post-MS pulsation models
Both spectroscopic measurements and PMS model predictions seem to suggest that the position of IP Per in the HR diagram is near the MS, in a region where PMS and post-MS evolutionary tracks, at fixed stellar mass, are known to intersect and remain quite close to each other. In order to investigate the effect of the assumed evolutionary status on the predicted frequencies, we have taken into account the post-MS evolution of stellar models with masses ranging from 1.7 to 1.8 M ⊙ , computed with the FRANEC code. As a result, we find that the post-MS evolutionary model located at the same luminosity and effective temperature of our PMS best fit model (see Fig. 8 ), has a stellar mass of 1.73 M ⊙ , i.e. only slightly lower than the PMS counterpart (1.77 M ⊙ ). As a consequence the structure of this post-MS model produces periods slightly longer than the best fit PMS solution, but differences are of the order of minutes for both radial and non-radial p modes. The 1.73 M ⊙ post-MS model, reproducing the same number of frequencies as the PMS one, would require a slightly different luminosity and effective temperature, namely log L/L ⊙ = 0.988, log T eff = 3.888. The values of the predicted p mode periodicities are in this case very similar to the PMS ones. However, we know that the small differences in the non-radial frequencies can produce evident changes in the large and small frequency separations, in particular for l = 2, as extensively discussed by Suran et al. (2001) . This occurrence would in principle allow to verify the PMS nature of IP Per if very accurate and long time based observations (e.g. from space) were available.
Effect of the metal abundance
All the above evolutionary and pulsational analysis is based on models with solar chemical composition, namely Z=0.02, Y=0.28. If the evidence pointed out by Miroshnichenko et al. (2001) that IP Per has significantly lower metal abundance (Z ≃ 0.008) is confirmed, the above theoretical interpretation would have to be modified, as discussed in the following.
The instability strip
We computed new nonlinear radial pulsation models, with the same code and the same numerical and physical assumptions as in Marconi & Palla (1998) , but with Z=0.008, Y=0.25. The resulting instability strip for the first three radial modes is reported in Fig.9 (dashed lines) . As shown in this figure, where the instability strip for Z=0.02 is also plotted for comparison, the metallicity effect on the theoretical boundaries is rather small (200 K at most for each luminosity level) and decreases toward the higher luminosities, with a global shift of the instability region toward higher effective temperatures, as Z decreases from Z=0.02 to Z=0.008.
Pulsational frequencies
We also computed new PMS evolutionary models at Z=0.008, Y=0.25 with the FRANEC code and the same assumptions used for solar chemical composition. Then we computed linear nonadiabatic radial pulsation models 1 along the Z=0.008 PMS tracks, in order to match the observed frequencies of IP Per. The resulting best fit radial model for Z=0.008 Y=0.25, again pulsating in five radial modes with f 1 , f 2 , f 4 , f 5 and f 9 , corresponds to a PMS structure with M = 1.54 ± 0.01M ⊙ , log L/L ⊙ = 0.991 ± 0.003, log T eff = 3.896 ± 0.002. Its position in the HR diagram is shown in Fig. 10 together with the pre- However, the observationally derived metal deficit reflects only the current state of the atmosphere and may be due to recent effects, such as interaction with the circumstellar medium (see Gray & Corbally 1998) . In this case it would represent only a surface effect. As the PMS structure of our best fit model is characterized by a radiative envelope, such a contamination should not have any effect on the pulsation properties which involve deeper layers across the Hydrogen and Helium ionization regions.On the other hand the different abundances in the surface layer would affect the position in the HR diagram due to the opacity variation. A detailed modeling of this case is beyond the purposes of the present paper. At the same time a more accurate determination of the metal poor nature of IP Per would be important.
Conclusions
A total of about 190 hours of observations obtained during 38 nights at 9 different telescopes on the PMS δ Scuti star IP Per have been presented. The Fourier analysis of this data set confirms the multiperiodic nature of this pulsator: we have identified nine frequencies of pulsation which are significant on the basis of the Breger et al (1993) and Kuschnig et al. (1997) criteria.
Comparison with the predictions of linear non-adiabatic radial pulsation models allows us to recover only five out of the nine observed frequencies for a 1.77 M ⊙ model. Non-radial pulsation is also present in this star. A preliminary interpretation of the observed frequencies through the Aarhus nonradial code, applied to the evolutionary structure of the 1.77 M ⊙ model reproducing f 1 , f 2 , f 4 , f 5 and f 9 with radial modes, seems to indicate that f 3 , f 6 and f 8 are associated with nonradial modes with l = 2. Specific post-MS evolutionary and pulsational models were computed in order to investigate the dependence of radial and non-radial output frequencies on the assumed evolutionary status. The resulting post-MS solution has similar stellar parameters and p mode frequencies.
Finally the possible effect of the metal poor nature of IP Per detected by Miroshnichenko et al. (2001) on both pulsation and evolutionary properties is discussed. We find that if the metallicity of IP Per is as low as Z=0.008 the best fit radial model has a significantly lower mass than the case at solar chemical composition but the pulsation characteristics are similar.Also the estimated position of IP Per in the HR diagram appears to be in good agreement with the independent determination by Miroshnichenko et al. (2001) . Whether the low metallicity is a property only of the surface layers or represents a systematic deficit throughout the interior, as we have assumed in our modeling, should be clarified before final conclusions on the stellar parameters of IP Per can be reached.
